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FIG. 3A
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AC/DC CONVERTER WITH ACTIVE
CAPACITOR BANK

BACKGROUND

Modern AC-DC converters may be designed and con-
structed to operate over a wide range of mnput voltages, so
that the same device may be used in different countries
having different AC voltage delivery standards. In so-called
“low-line” countries, the input AC voltage may be as low as
90V. In “high-line” countries, the mput AC voltage may be
as high as 265V. This can result 1n average DC bus voltages
ranging from as low as 70V to as high as 375V. Such
converters olten include a bulk capacitor coupled to the DC
bus for energy storage, which must store sutlicient energy to
allow continued operation of the converter near the zero
crossings ol the AC waveform. As a result, this DC bulk
capacitor must be sized to store suilicient energy under the
most adverse line and load conditions. The amount of energy
stored 1n a capacitor 1s proportional to the capacitance and
the square of the voltage thereacross. This results in con-
verters having very large bulk capacitors to be able to
provide suflicient energy storage under low-line conditions.
This, 1n turn, results 1 large physical sizes for the convert-
ers.

SUMMARY

In some applications, 1t may be desirable to reduce the
physical size of AC-DC converters as much as practicable.
Thus reduction or elimination of the bulk capacitor may be
desirable.

An AC-DC converter can include an AC-DC converter
stage having an input configured to receive an AC input
voltage and an output configured to deliver a DC output
voltage, an active capacitor bank coupled to the output of the
AC-DC converter stage, and a controller coupled to the
AC-DC converter stage and the active capacitor bank. The
controller may be configured to compare an AC 1nput
voltage to a threshold voltage and, responsive thereto: (1) it
the AC mput voltage 1s greater the threshold voltage, enable
the AC-DC converter stage and cause the active capacitor
bank to charge from the output of the AC-DC converter
stage; and (2) 1t the AC mput voltage 1s less than the
threshold voltage, disable the AC-DC converter stage and
cause the active capacitor bank to discharge into the output
of the AC-DC converter stage.

The active capacitor bank may a buck cell. The buck cell
can include a high side switch and a low side switch coupled
in series between the output of the AC-DC converter stage
and ground and an inductor coupled between a junction of
the high side and low side switches and an energy storage
capacitor. The controller may be fturther configured to cause
the active capacitor bank to charge from the output of the
AC-DC converter stage by operating the high side switch
and low side switch as a buck converter to buck the output
voltage for storage in the energy storage capacitor. The
controller may be further configured to cause the active
capacitor bank to discharge into the output of the AC-DC
converter stage by operating the high side switch and the low
side switch as a boost converter to boost the energy storage
capacitor voltage for energy delivery to the output of the
AC-DC converter stage.

The active capacitor bank may be a boost cell. The boost
cell can include an inductor and a low side switch coupled
in series between the output of the AC-DC converter stage
and ground and a high side switch coupled between a
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junction of the inductor and the low side switch and an
energy storage capacitor. The controller may be configured
to cause the active capacitor bank to charge from the output
of the AC-DC converter stage by operating the high side
switch and low side switch as a boost converter to boost the
output voltage for storage in the energy storage capacitor.
The controller may be further configured to cause the active
capacitor bank to discharge into the output of the AC-DC
converter stage by operating the high side switch and the low
side switch as a buck converter to buck the energy storage
capacitor voltage for energy delivery to the output of the
AC-DC converter stage.

The AC-DC converter stage may be a flyback converter,
a primary resonant flyback converter, and/or an active clamp
flyback converter.

The controller may be configured to cause the active
capacitor bank to charge from the output of the AC-DC
converter stage by current mode control of one or more
switches of the active capacitor bank. The current mode
control includes a current limiting soft start. The controller
may be configured to cause the active capacitor bank to
discharge 1nto the output of the AC-DC converter stage by
voltage mode control of one or more switches of the active
capacitor bank.

A method of controlling a power converter having an
AC-DC converter stage and an active capacitor bank
coupled to an output of the AC-DC converter stage can
include comparing an input voltage of the AC-DC converter
to a mode selection threshold voltage, and responsive
thereto: (1) if the AC mput voltage 1s greater the threshold
voltage, enabling the AC-DC converter stage and causing
the active capacitor bank to charge from the output of the
AC-DC converter stage; and (2) 1f the AC mput voltage 1s
less than the threshold voltage, disabling the AC-DC con-
verter stage and causing the active capacitor bank to dis-
charge into the output of the AC-DC converter stage. Caus-
ing the active capacitor bank to charge from the output of the
AC-DC converter stage can include operating one or more
switches of the active capacitor bank as a buck converter to
store energy from the output of the AC-DC converter 1n an
energy storage capacitor. Causing the active capacitor bank
to discharge into the output of the AC-DC converter stage
can include operating one or more switches of the active
capacitor bank as a boost converter to boost the energy
storage capacitor voltage for energy delivery to the output of
the AC-DC converter stage. Causing the active capacitor
bank to charge from the output of the AC-DC converter
stage can include operating one or more switches of the
active capacitor bank as a boost converter to store energy
from the output of the AC-DC converter 1n an energy storage
capacitor. Causing the active capacitor bank to discharge
into the output of the AC-DC converter stage can include
operating one or more switches of the active capacitor bank
as a buck converter to buck the energy storage capacitor
voltage for energy delivery to the output of the AC-DC
converter stage. Causing the active capacitor bank to charge
from the output of the AC-DC converter stage can include
current mode control of one or more switches of the active
capacitor bank. Causing the active capacitor bank to dis-
charge into the output of the AC-DC converter stage can
include voltage mode control of one or more switches of the

active capacitor bank. The current mode control can include
a soit start current limut.

An AC-DC power converter can include an AC-DC
converter stage, such as a flyback converter, configured to
receive an AC mput voltage and deliver a DC output voltage.
The converter can include an active capacitor bank (ACB)
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coupled to the output of the AC-DC stage. The ACB can
include an energy storage capacitor and a plurality of
switching devices operable as a bidirectional converter to
alternately charge the capacitor from the DC output or
discharge the capacitor to maintain output DC voltage
regulation. The converter can also include control circuitry
responsive to the AC mput voltage to selectively: (1) enable
the AC-DC stage and operate the switching devices to
charge the capacitor from the DC output voltage; (2) and
disable the AC-DC stage and operate the switching devices

to discharge the capacitor to maintain DC output voltage
regulation.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates an exemplary AC-DC converter based
on a flyback topology.

FIG. 2 illustrates two alternative active capacitor bank
circuits that may be coupled to the output of an AC-DC
converter to allow for reduction or elimination of the DC
bulk capacitor.

FIGS. 3A-3C illustrate AC-DC converters incorporating,
boost cell active capacitor banks.

FIG. 4 illustrates an AC-DC converter incorporating a
boost cell active capacitor bank with a block diagram of an
exemplary control system.

FI1G. 5 illustrates various wavetorms associated with the
boost cell active capacitor bank embodiments described with
reference to FIGS. 3A-3C.

FIGS. 6 A-6C 1llustrate AC-DC converters incorporating,
buck active capacitor banks.

FIG. 7 illustrates various waveforms associated with the
buck cell active capacitor bank embodiments described with
retference to FIGS. 6 A-6C.

FIG. 8 illustrates a generalized block diagram of an
AC-DC converter with an active capacitor bank and a
flowchart depicting operation of such a converter.

DETAILED DESCRIPTION

In the following description, for purposes of explanation,
numerous specific details are set forth to provide a thorough
understanding of the disclosed concepts. As part of this
description, some of this disclosure’s drawings represent
structures and devices in block diagram form for sake of
simplicity. In the interest of clarity, not all features of an
actual implementation are described in this disclosure.
Moreover, the language used in this disclosure has been
selected for readability and instructional purposes, has not
been selected to delineate or circumscribe the disclosed
subject matter. Rather the appended claims are intended for
such purpose.

Various embodiments of the disclosed concepts are 1llus-
trated by way of example and not by way of limitation 1n the
accompanying drawings in which like references indicate
similar elements. For simplicity and clarity of 1illustration,
where appropriate, reference numerals have been repeated
among the different figures to indicate corresponding or
analogous elements. In addition, numerous specific details
are set forth 1n order to provide a thorough understanding of
the 1mplementations described herein. In other instances,
methods, procedures and components have not been
described in detail so as not to obscure the related relevant
function being described. References to “an,” “one,” or
“another” embodiment 1n this disclosure are not necessarily
to the same or different embodiment, and they mean at least

one. A given figure may be used to illustrate the features of
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more than one embodiment, or more than one species of the
disclosure, and not all elements 1n the figure may be required
for a given embodiment or species. A reference number,
when provided in a given drawing, refers to the same
clement throughout the several drawings, though 1t may not
be repeated 1n every drawing. The drawings are not to scale
unless otherwise indicated, and the proportions of certain
parts may be exaggerated to better illustrate details and
teatures of the present disclosure.

FIG. 1 illustrates an exemplary AC-DC converter based
on a tlyback topology. An mput AC voltage VAC 1s coupled
an optional electromagnetic interference filter EMI. The
filtered AC voltage 1s coupled to the mput of a rectifier, 1n
the illustrated example a full bridge rectifier made up of
diodes D1-D4. This results 1n a full-wave rectified voltage
appearing across the DC voltage bus VDC. A bulk capacitor
CDC provides energy storage that can provide energy for
operation of the converter when the AC voltage 1s near 1ts
zero-crossings, at which point the full wave rectified voltage
appearing across the DC bus will also be near-zero. Flyback
switch Qm may be alternately opened and closed to achieve
voltage conversion. When flyback switch Qm 1s closed, a
linearly increasing DC current flows through the primary
winding of the flyback transformer, storing energy therein.
When flyback switch 1s opened, the voltage across the
primary winding (and therefore the coupled secondary wind-
ing) reverses polarity, causing the energy stored in the
flyback transformer to be delivered to the output via the
rectifier. Control of the switching frequency and/or duty
cycle of main switch (Qm may be used to regulate the output
voltage. Additionally, an output filter capacitor Cout may be
provided to smooth the output voltage. The illustrated topol-
ogy 1s but one example, and AC-DC converters may be
constructed based on other converter topologies.

Modern AC-DC converters may be designed and con-
structed to operate over a wide range of mput voltages, so
that the same device may be used i different countries
having different AC voltage delivery standards. In so-called
“low-line” countries, the mput AC voltage may be as low as
90V. In “high-line” countries, the mput AC voltage may be
as high as 265V. This can result 1n average DC bus voltages
ranging from as low as 70V to as high as 370V. Because bulk
capacitor CDC must store suflicient energy to allow contin-
ued operation of the converter near the zero crossings of the
AC wavetorm, 1t must be sized to store suflicient energy
under the most adverse line and load conditions. The amount
of energy stored 1n a capacitor 1s proportional to the capaci-
tance and the square of the voltage. This results 1n converters
having very large bulk capacitors, to be able to provide
suflicient energy storage under low-line conditions. This, 1n
turn, results 1n large physical sizes for the converters. In
many applications, it 1s desirable to reduce the physical size
of AC-DC converters as much as practicable, and thus
reduction or elimination of the bulk capacitor may be
desirable.

FIG. 2 illustrates two alternative active capacitor bank
circuits 220, 240 that may be coupled to the output of an
AC-DC converter as described i greater detail below to
allow for elimination of the DC bulk capacitor. Active
capacitor bank 220 1s a buck cell, which may, during certain
modes ol operation, charge the storage capacitor CB from
the output voltage of AC-DC converter. To achieve this
mode of operation, switch Qlow 1s switched complimenta-
rily to or opposite of Qhigh and switch Qhigh 1s switched
with a controlled variable duty cycle using current mode
control as a buck converter. As a result, Qhigh becomes the
switch of a buck converter, and Qlow acts as a synchronous
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rectifier or the diode of a buck converter, with inductor Lb
serving as the buck element, and capacitor CB as output
load.

During other modes of operation, active capacitor bank/
buck cell 220 may boost the voltage across the capacitor CB
to help maintain the output voltage. To achieve this mode of
operation, switch Qhigh may be turned ofl or switched
complementarily to or opposite of Qlow and switch Qlow
may be switched with duty cycle control using voltage mode
control as a boost converter. As a result, Qlow become the
main switch of a boost converter with duty cycle control,
and Qhigh acts as the synchronous rectifier or diode of a
boost converter, with inductor Lb serving as the boost
clement, and capacitor CB as the energy storage element.

Similarly, active capacitor bank 240 1s a boost cell, which
may, during certain modes of operation, boost the output
voltage Vout of the AC-DC converter for storage 1in storage
capacitor CB. To achieve this mode of operation, switch
Qhigh may be turned off or switched complementarily to
Qlow and switch Qlow may be switched with duty cycle
control using current mode control as a boost converter. As
a result, Qlow becomes the switch of a boost converter, and
Qhigh acts as the diode or synchronous rectifier of a boost
converter, with inductor Lb serving as the boost element,
and capacitor CB as the output load.

During other modes of operation, active capacitor bank/
boost cell 240 may buck the voltage across the capacitor CB
to help maintain the output voltage. To achieve this mode of
operation, switch Qlow 1s disabled or switched complemen-
tarily to Qhigh and switch Qhigh 1s switched with duty cycle
control using voltage mode control as a buck converter to
produce the output voltage Vout. As a result, Qhigh becomes
the main duty cycle controlled switch of a buck converter,
and Qlow acts as the synchronous rectifier or diode of a buck
converter, with inductor Lb serving as the buck element, and
capacitor CB as the mnput.

Thus, each of the active capacitor bank circuits 220, 240
comprise a bi-directional buck-boost (or boost-buck) con-
verter and an energy storage capacitor, operation of which
are described 1n greater detail below.

FIGS. 3A-3C illustrate AC-DC converters 300a-300c¢
incorporating boost cells 340a-340¢. FIG. 3A illustrates a
conventional flyback converter 300a incorporating a boost
cell 3404a coupled to 1ts output. Flyback converter 300a may
operate substantially as described above with respect to
FIGS. 1 and 2. Namely, when the rectified AC input voltage
Vrect 1s high enough, flyback switch Qm may be alternately
operated to store energy in the flyback transformer and
deliver energy to the output. During this mode of operation,
the switches of boost cell 340a may be operated as a boost
converter to store energy 1n energy storage capacitor CB,
which (by virtue of the boost operation) has a voltage greater
than the output voltage. Conversely, when the rectified AC
input voltage Vrect 1s not high enough, the flyback converter
may be disabled. During this mode of operation, the
switches of boost cell 340a may be operated as a buck
converter to reduce the voltage across energy storage capaci-
tor CB to the output voltage, thereby delivering energy from
energy storage capacitor CB to the output. Presence of the
active capacitor bank/boost cell 340a allows for elimination
of the DC bulk capacitor on the input side of the flyback
converter. Further details of this operation are described
below with reference to FIGS. 4 and 5.

FIG. 3B illustrates a primary resonant flyback converter
3006 incorporating a boost cell 3406 coupled to 1ts output.
Primary resonant flyback converter includes main switch
Qm, generally corresponding to flyback switch Qm dis-
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cussed above. The primary resonant flyback converter also
includes a resonant capacitor Cr and an auxiliary switch Qa.
Auxiliary switch Qa may be operated essentially comple-
mentarily with respect to main switch Qm, such that when
Qm 1s closed, Qa 1s opened and vice versa. This switching
combined with associated resonance between resonant
capacitor Cr and the primary winding of the flyback trans-
former can provide for enhanced operation of the flyback
converter by facilitating zero voltage switching and other-
wise increasing efliciency.

Otherwise, flyback converter 3005 may operate generally
as described above with respect to FIGS. 1, 2, and 3A.
Namely, when the rectified AC input voltage Vrect 1s high
enough, tlyback switch Qm may be alternately operated to
store energy 1n the flyback transformer and deliver energy to
the output. During this mode of operation, the switches of
boost cell 34056 may be operated as a boost converter to store
energy 1n energy storage capacitor CB, which (by virtue of
the boost operation) has a voltage greater than the output
voltage. Conversely, when the rectified AC mput voltage
Vrect 1s not high enough, the flyback converter may be
disabled. During this mode of operation, the switches of
boost cell 3406 may be operated as a buck converter to
reduce the voltage across energy storage capacitor CB to the
output voltage, thereby delivering energy from energy stor-
age capacitor CB to the output. Presence of the active
capacitor bank/boost cell 3405 allows for elimination of the
DC bulk capacitor on the mput side of the flyback converter.
Further details of this operation are described below with
reference to FIGS. 4 and 5.

FIG. 3C illustrates a flyback converter 300c with a
resonant active clamp incorporating a boost cell 340c¢
coupled to 1ts output. The active clamp resonant flyback
converter includes main switch Qm, generally correspond-
ing to flyback switch (Qm discussed above. The active clamp
resonant flyback converter also includes a clamp capacitor
Cr and an auxiliary switch Qa. Auxiliary switch Qa may be
operated essentially complementarily with respect to main
switch Qm, such that when Qm 1s closed, Qa 1s opened and
vice versa. This switching can allow leakage energy stored
in the tflyback transformer that would otherwise be lost to be
recovered and reused.

Otherwise, flyback converter 300c may operate generally
as described above with respect to FIGS. 1, 2, 3A, and 3B.
Namely, when the rectified AC input voltage Vrect 1s high
enough, flyback switch Qm may be alternately operated to
store energy 1n the flyback transformer and deliver energy to
the output. During this mode of operation, the switches of
boost cell 340¢c may be operated as a boost converter to store
energy 1n energy storage capacitor CB, which, by virtue of
the boost operation, has a voltage greater than the output
voltage. Conversely, when the rectified AC mput voltage
Vrect 1s not high enough, the flyback converter may be
disabled. During this mode of operation, the switches of
boost cell 340¢ may be operated as a buck converter to
reduce the voltage across energy storage capacitor CB to the
output voltage, thereby delivering energy from energy stor-
age capacitor CB to the output. Presence of the active
capacitor bank/boost cell 340¢ allows for elimination of the
DC bulk capacitor on the mput side of the flyback converter.
Further details of this operation are described below with
reference to FIGS. 4 and 5.

FIG. 4 illustrates an AC-DC converter 400 incorporating,
a boost cell active capacitor bank/boost cell 440 coupled to
its output, together with a block diagram of an exemplary
control system. AC-DC converter 400 1s 1llustrated as a
primary resonant flyback converter, like that described



US 11,362,592 Bl

7

above with respect to FIG. 3B, though any other flyback
topology—or, mndeed—any other AC-DC topology could
also be used. The control system receives as an 1put the
rectified input voltage Vrect appearing across the DC bus.
This rectified mput voltage may pass through an optional
gain element 402 before being delivered to a comparator
404. Comparator 404 may receive at i1ts other input a
predetermined threshold voltage Vmode that determines the
operating mode of converter 400. When the instantaneous
value of Vrect exceeds the Vmode threshold, the output of
comparator 404 will be high. This high signal may be
delivered as a flyback enable signal to flyback controller
406. In the illustrated embodiment, flyback controller 406 1s
a “peak current mode” controller. The remaining compo-
nents of controller 406 are thus typical of conventional peak
current controllers for flyback converters, which are under-
stood by those skilled in the art and will not be discussed 1n
turther detail herein. These components could be substituted
with other circuitry having equivalent or similar function-
ality, including analog circuits, digital circuits, programs-
mable controllers, etc. Indeed, other controller types and
even other AC-DC converter types could be used as appro-
priate for a given application.

The flyback enable signal output from comparator 404
may also be delivered to controller 408 of active capacitor
bank/boost cell 440. The signal may be delivered via an
optocoupler to provide galvanic 1solation between input and
output sides of the converter. Controller 408 may include a
switch 410 that alternately couples the mnput of the control-
ler’s error amplifier to a voltage mode control input A and a
current mode control input B. When the flyback converter 1s
enabled (because the instantancous value of the rectified
input voltage Vrect 1s above the Vmode threshold), the error
amplifier may be coupled to the current mode control loop.
This can cause controller 408 to operate the switches of
active capacitor bank/boost cell 440 as a current regulated
boost converter, boosting the output voltage Vout of the
converter to store energy 1n the energy storage capacitor CB.
When the flyback converter 1s disabled (because the 1nstan-
taneous value of the rectified input voltage Vrect 1s below
the Vmode threshold), the error amplifier may be coupled to
the voltage mode control loop. This can cause controller 408
to operate the switches of active capacitor bank/boost cell
440 as a voltage regulated buck converter, delivering energy
stored 1n energy storage capacitor CB to the output of the
converter, thereby maintaining regulation of the converter
output voltage Vout. When the flyback converter 1s enabled
(because the instantancous value of the rectified mput volt-
age Vrect 1s above the Vmode threshold), the error amplifier
may be coupled to the current mode control loop. This can
cause controller 408 to operate the switches of active
capacitor bank/boost cell 440 as a current regulated boost
converter, boosting the output voltage Vout of the converter
to store energy in the energy storage capacitor CB.

FIG. 5 1illustrates a plot 550 of various wavelorms asso-
ciated with the boost cell active capacitor bank embodiments
discussed above. Wavelorm Vrect 1s the full wave rectified
AC 1nput voltage. Superimposed thereon 1s the mode selec-
tion voltage Vmode. Together these voltages determine
whether the main AC-DC converter stage (e.g., the flyback
converter) 1s enabled and the boost cell active capacitor bank
1s storing energy 1n its capacitor or whether the main AC-DC
converter stage 1s disabled and the boost cell active capacitor
bank 1s delivering energy from its capacitor. From time
period t0 to 12, the mstantaneous value of Vrect 1s greater
than the threshold Vmode, and thus the main AC-DC

converter stage should be enabled and the boost cell active
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capacitor bank should be operated to store energy in the
energy storage capacitor CB, which i1s illustrated by the
various wavelorms 1illustrated below Vrect and Vmode.

Waveform Mily 1s the flyback converter enable signal
output from comparator 404, discussed above. When this
signal 1s high, the flyback converter controller 1s enabled and
the flyback converter 1s operated as described above to
deliver energy from the AC mput to the output. This is
accomplished alternately operating the main switch of the
flyback converter Qm, with variations in frequency and/or
duty cycle being used to regulate the output voltage Vout.
This 1s represented by the Qm waveform, which shows the
switch as enabled and alternately switching during the t0 to
t2 time 1nterval.

The Qhigh and Qlow waveforms represent the driving of
the Qhigh and Qlow switches of the boost cell active
capacitor bank. During the t0 to t1 time nterval, the boost
cell active capacitor bank 1s operated as a boost converter to
boost the output voltage Vout thereby storing energy in the
energy storage capacitor CB. Time t1 may be before 12 and
may be the time at which the maximum energy storage level
in the boost cell active capacitor bank 1s reached. To achieve
this mode of operation, switch Qhigh 1s disabled or switched
complementarily to Qlow and switch Qlow 1s switched with
duty cycle control using current mode control as a boost
converter. As a result, Qlow becomes the switch of a boost
converter, and Qhigh acts as the synchronous rectifier or
diode of a boost converter, with inductor Lb serving as the
boost element, and capacitor CB as output load.

The boost converter may be operated using current mode
control, with an optional soft start current limiting operation.
Thus, during the boost interval, the average boost inductor
current may be ramped from zero to a predetermined maxi-
mum value as illustrated by curve segment 552. During this
same 1nterval, the voltage across the energy storage capaci-
tor CB (1.e., Vstg) may increase from a minimum value
(Vstg_min) to a maximum value (Vstg_max), as illustrated
by curve segment 556. The minimum value may be deter-
mined by the amount of energy pulled from energy storage
capacitor CB during the previous operating cycle. The
maximum value may be a predetermined threshold deter-
mined by the controller 408 of boost cell/active capacitor
bank 440, e.g., by comparator 412, which may compare the
voltage across the energy storage capacitor CB to the
threshold and disable boost cell switching when the maxi-
mum value 1s reached.

Following time t1, the main converter stage of the AC-DC
converter (e.g., the flyback stage) may remain 1n operation,
but switching of the boost cell/active capacitor bank may be
disabled, as 1illustrated by the low state of Qhigh and Qlow
in the t1-t2 time interval. Additionally, during this interval,
the voltage across energy storage capacitor CB (Vstg) will
remain constant at Vstg _max, as illustrated by curve seg-
ment 557. Finally, throughout all of this, the output voltage
of the converter has remained constant at Vout, and the
voltage across energy storage capacitor CB has at all time
been greater than this output voltage.

From time period t2 to t3, the instantaneous value of Vrect
1s less than the threshold Vmode, and thus the main AC-DC
converter stage should be disabled and the boost cell active
capacitor bank should be operated to deliver energy from the
energy storage capacitor CB, which 1s illustrated by the
various wavelorms 1llustrated below Vrect and Vmode.

Wavelorm Mily 1s the flyback converter enable signal
output from comparator 404, discussed above. When this
signal 1s low, the flyback converter 1s disabled, and no
energy 1s delivered from the AC nput to the output. This 1s
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accomplished by disabling the main switch of the flyback
converter Qm. This 1s represented by the Qm wavetform,
which shows the switch as disabled during the 12 to t3 time
interval.

The Qhigh and Qlow waveforms represent the driving of
the Qhigh and Qlow switches of the boost cell active
capacitor bank. During the 12 to t3 time interval, the boost
cell active capacitor bank 1s operated as a buck converter to
buck the capacitor voltage Vstg to the output voltage Vout,
thereby delivering energy from the energy storage capacitor
CB to the output. To achieve this mode of operation, switch
Qlow 1s disabled or switched complementarily to Qhigh and
switch Qhigh 1s switched with duty cycle control using
voltage mode control as a buck converter to produce the
output voltage Vout. As a result, Qhigh becomes the switch
of a buck converter, and Qlow acts as the synchronous
rectifier or diode of a buck converter, with inductor Lb
serving as the buck element, and capacitor CB as the mput.

The buck converter may be operated using voltage mode
control to produce the output voltage. During this same
interval, the voltage across the energy storage capacitor CB
(1.e., Vstg) may decrease from a maximum value (Vstg_
max) to a mimimum value (Vstg _min), as illustrated by
curve segment 358. The mimmum value may be determined
by the load on the converter, with the maximum being a
predetermined threshold determined by the controller 408 of
boost cell/active capacitor bank 440 as discussed above.
Additionally, as illustrated by boost inductor current curve
1LB, and particularly segment 354 of that curve, as the
voltage across the energy storage capacitor CB decreases
(due to 1ts discharge into the converter output), the current
will need to increase to meet the demands of the load.
Finally, throughout all of this, the output voltage of the
converter has remained constant at Vout, and the voltage
across energy storage capacitor CB has at all time been
greater than this output voltage.

FIGS. 6A-6C illustrate AC-DC converters 600a-600c¢
incorporating buck cells 620a-620c. FIG. 6A illustrates a
conventional flyback converter 600a 1incorporating a buck
cell 620a coupled to 1ts output. Flyback converter 600a may
operate substantially as described above with respect to
FIGS. 1 and 2. Namely, when the rectified AC input voltage
Vrect 1s high enough, flyback switch Qm may be alternately
operated to store energy in the flyback transformer and
deliver energy to the output. During this mode of operation,
the switches of buck cell 620a may be operated as a buck
converter to store energy 1n energy storage capacitor CB,
which (by virtue of the buck operation) has a voltage less
than the output voltage. Conversely, when the rectified AC
input voltage Vrect 1s not high enough, the flyback converter
may be disabled. During this mode of operation, the
switches of buck cell 620a may be operated as a boost
converter to boost the voltage across energy storage capaci-
tor CB to the output voltage, thereby delivering energy from
energy storage capacitor CB to the output. Presence of the
active capacitor bank/buck cell 620qa allows for elimination
of the DC bulk capacitor on the input side of the flyback
converter. Further details of this operation are described
below with reference to FIG. 7.

FIG. 6B illustrates a primary resonant flyback converter
60056 incorporating a buck cell 62056 coupled to its output.
Primary resonant flyback converter includes main switch
Qm, generally corresponding to flyback switch Qm dis-
cussed above. The primary resonant flyback converter also
includes a resonant capacitor Cr and an auxiliary switch Qa.
Auxiliary switch Qa may be operated essentially comple-
mentarily with respect to main switch Qm, such that when
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Qm 1s closed, Qa 1s opened and vice versa. This switching
combined with associated resonance between resonant
capacitor Cr and the primary winding of the flyback trans-
former can provide for enhanced operation of the flyback
converter by facilitating zero voltage switching and other-
wise increasing efliciency.

Otherwise, flyback converter 6205 may operate generally
as described above with respect to FIGS. 1, 2, and 6A.
Namely, when the rectified AC input voltage Vrect 1s high
enough, flyback switch Qm may be alternately operated to
store energy 1n the flyback transformer and deliver energy to
the output. During this mode of operation, the switches of
buck cell 6205 may be operated as a buck converter to store
energy 1n energy storage capacitor CB, which (by virtue of
the buck operation) has a voltage greater than the output
voltage. Conversely, when the rectified AC nput voltage
Vrect 1s not high enough, the flyback converter may be
disabled. During this mode of operation, the switches of
buck cell 6205 may be operated as a boost converter to boost
the voltage across energy storage capacitor CB to the output
voltage, thereby delivering energy from energy storage
capacitor CB to the output. Presence of the active capacitor
bank/buck cell 6405 allows for elimination of the DC bulk
capacitor on the mput side of the flyback converter. Further
details of this operation are described below with reference
to FIG. 7.

FIG. 6C 1illustrates a flyback converter 600c with a
resonant active clamp incorporating a buck cell 620c¢
coupled to 1ts output. The active clamp resonant flyback
converter includes main switch Qm, generally correspond-
ing to flyback switch Qf discussed above. The active clamp
resonant flyback converter also includes a clamp capacitor
Cr and an auxiliary switch Qa. Auxiliary switch Qa may be
operated essentially complementarily with respect to main
switch Qm, such that when Qm 1s closed, Qa 1s opened and
vice versa. This switching can allow leakage energy stored
in the flyback transformer that would otherwise be lost to be
recovered and reused.

Otherwise, flyback converter 620¢c may operate generally
as described above with respect to FIGS. 1, 2, 6 A, and 6B.
Namely, when the rectified AC input voltage Vrect 1s high
enough, tflyback switch Qm may be alternately operated to
store energy 1n the flyback transformer and deliver energy to
the output. During this mode of operation, the switches of
buck cell 620¢c may be operated as a buck converter to store
energy 1n energy storage capacitor CB, which, by virtue of
the buck operation, has a voltage less than the output
voltage. Conversely, when the rectified AC iput voltage
Vrect 1s not high enough, the flyback converter may be
disabled. During this mode of operation, the switches of
buck cell 620¢c may be operated as a boost converter to boost
the voltage across energy storage capacitor CB to the output
voltage, thereby delivering energy from energy storage
capacitor CB to the output. Presence of the active capacitor
bank/buck cell 620c¢ allows for elimination of the DC bulk
capacitor on the mnput side of the flyback converter. Further
details of this operation are described below with reference
to FIG. 7.

FIG. 7 1illustrates a plot 750 of various wavelorms asso-
ciated with the buck cell active capacitor bank embodiments
discussed above. Wavetorm Vrect 1s the full wave rectified
AC 1nput voltage. Superimposed thereon 1s the mode selec-
tion voltage Vmode. Together these voltages determine
whether the main AC-DC converter stage (e.g., the flyback
converter) 1s enabled and the buck cell active capacitor bank
1s storing energy 1n its capacitor or whether the main AC-DC
converter stage 1s disabled and the buck cell active capacitor
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bank 1s delivering energy from its capacitor. From time
period t0 to t2, the mstantaneous value of Vrect 1s greater

than the threshold Vmode, and thus the main AC-DC

converter stage should be enabled and the buck cell active
capacitor bank should be operated to store energy in the
energy storage capacitor CB, which 1s illustrated by the
various wavelorms 1illustrated below Vrect and Vmode.
Wavelorm Mily 1s the flyback converter enable signal
output from comparator 404, discussed above. (Although
FIG. 4 depicts a boost cell active capacitor bank, operation
of this portion of the control system 1s substantially the same

for a buck cell.). When this signal 1s high, the flyback

converter controller 1s enabled and the flyback converter 1s
operated as described above to deliver energy from the AC
input to the output. This 1s accomplished alternately oper-
ating the main switch of the flyback converter Qm, with
variations 1 Ifrequency and/or duty cycle being used to
regulate the output voltage Vout. This is represented by the
Qm wavelorm, which shows the switch as enabled and
alternately switching during the t0 to t2 time interval.

The Qhigh and Qlow waveforms represent the driving of
the Qhigh and Qlow switches of the buck cell active
capacitor bank. During the t0 to t1 time interval, the buck
cell active capacitor bank 1s operated as a buck converter to
buck the output voltage Vout thereby storing energy in the
energy storage capacitor CB. Time t1 may be before t2 and
may be the time at which the maximum energy storage level
in the buck cell active capacitor bank 1s reached. To achieve
this mode of operation, switch Qlow 1s disabled or switched
complementarily to Qhigh, and switch Qhigh 1s switched
with duty cycle control using current mode control as a buck
converter. As a result, Qhigh becomes the main duty cycle
controlled switch of a buck converter, and Qlow acts as the
synchronous rectifier or diode of a buck converter, with
inductor Lb serving as the buck element, and capacitor CB
as output load.

The buck converter may be operated using current mode
control, with an optional soft start current limit. Thus, during
the buck interval, the average buck inductor current may be
ramped from zero to a predetermined maximum value as
illustrated by curve segment 752. During this same interval,
the voltage across the energy storage capacitor CB (i.e.,
Vstg) may increase from a minimum value (Vstg_min) to a
maximum value (Vstg_max), as illustrated by curve seg-
ment 756. The minimum value may be determined by the
amount of energy pulled from energy storage capacitor CB
during the previous operating cycle. The maximum value
may be a predetermined threshold determined by the con-
troller 408 of buck cell/active capacitor bank 440, e¢.g., by
comparator 412, which may compare the voltage across the
energy storage capacitor CB to the threshold and disable
boost cell switching when the maximum value 1s reached.
(Although FIG. 4 depicts a boost cell active capacitor bank,
operation of this portion of the control system 1s substan-
tially the same for a buck cell.)

Following time t1, the main converter stage of the AC-DC
converter (e.g., the flyback stage) may remain 1n operation,
but switching of the buck cell/active capacitor bank may be
disabled, as illustrated by the low state of Qhigh and Qlow
in the t1-t2 time nterval. Additionally, during this iterval,
the voltage across energy storage capacitor CB (Vstg) will
remain constant at Vstg _max, as illustrated by curve seg-
ment 757. Finally, throughout all of this, the output voltage
of the converter has remained constant at Vout, and the
voltage across energy storage capacitor CB has at all time
been less than this output voltage.
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From time period t2 to t3, the instantaneous value of Vrect
15 less than the threshold Vmode, and thus the main AC-DC

converter stage should be disabled and the buck cell active
capacitor bank should be operated to deliver energy from the
energy storage capacitor CB, which i1s illustrated by the
various waveforms 1llustrated below Vrect and Vmode.
Wavelorm Mitly 1s the flyback converter enable signal
output from comparator 404, discussed above. (Although
FIG. 4 depicts a boost cell active capacitor bank, operation

of this portion of the control system is substantially the same
for a buck cell.) When this signal 1s low, the flyback
converter 1s disabled, and no energy i1s delivered from the
AC mput to the output. This 1s accomplished by disabling
the main switch of the flyback converter Qm. This 1s
represented by the Qf wavelorm, which shows the switch as
disabled during the t2 to t3 time interval.

The Qhigh and Qlow waveforms represent the driving of
the Qhigh and Qlow switches of the buck cell active
capacitor bank. During the 12 to t3 time interval, the buck
cell active capacitor bank 1s operated as a boost converter to
boost the capacitor voltage Vstg to the output voltage Vout,
thereby delivering energy from the energy storage capacitor
CB to the output. To achieve this mode of operation, switch
Qhigh 1s disabled or switched complementarily to Qlow and
switch Qlow 1s switched with duty cycle control using
voltage mode control as a boost converter to produce the
output voltage Vout. As a result, Qlow becomes the main
duty cycle controlled switch of a buck converter, and Qhigh
acts as the synchronous rectifier or diode of a boost con-
verter, with inductor Lb serving as the boost element, and
capacitor CB as the mnput.

The boost converter may be operated using voltage mode
control to produce the output voltage. During this same
interval, the voltage across the energy storage capacitor CB
(1.e., Vstg) may decrease from a maximum value (Vstg
max) to a minmimum value (Vstg _min), as illustrated by
curve segment 758. The mimimum value may be determined
by the load on the converter, with the maximum being a
predetermined threshold determined by the controller 408 of
boost cell/active capacitor bank 440 as discussed above.
(Although FIG. 4 depicts a boost cell active capacitor bank,
operation of this portion of the control system 1s substan-
tially the same for a buck cell.) Additionally, as 1llustrated by
boost inductor current curve 1LB, and particularly segment
754 of that curve, as the voltage across the energy storage
capacitor CB decreases (due to its discharge into the con-
verter output), the current will need to increase to meet the
demands of the load. Finally, throughout all of this, the
output voltage of the converter has remained constant at
Vout, and the voltage across energy storage capacitor CB has
at all time been less than this output voltage.

FIG. 8 1illustrates a generalized block diagram 800 of an
AC-DC converter as described herein and a flowchart 870
depicting operation of such a converter. With reference to
block diagram 800, the converter 800 can include an AC-DC
converter stage 832. AC-DC converter stage may be a
flyback converter, such as one of the flyback converter
configurations described above. Alternatively, the AC-DC
stage may be any other AC-DC converter type that 1s
suitable for a given application. This AC-DC converter stage
may receive an AC mput voltage and deliver a DC output
voltage. An active capacitor bank 836 may be coupled to the
DC output of AC-DC stage 832. As described above, the
active capacitor bank 836 may be configured as a boost cell

or as a buck cell. A controller 834 may be coupled to both
AC-DC stage 832 and active capacitor bank 836.
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Controller 834 may be configured to compare the input
AC voltage (for example, the rectified AC mput voltage) to
a threshold voltage and, in response thereto, selectively
enable or disable AC-DC stage 832 and cause active capaci-
tor bank 836 to operate 1n a buck or boost mode (depending,
on the converter topology) to charge the active capacitor
bank from the DC output or discharge the active capacitor
bank mto the DC output. More specifically, as depicted in
flowchart 870, controller 834 may compare the input voltage

Vin (e.g., the rectified AC input voltage) to a mode selection
threshold voltage Vth (block 862). If the mput voltage 1s
above the mode selection threshold, then the controller may
enable AC-DC stage 832 and cause active capacitor bank
836 to charge from the DC output voltage. In the case of a
boost cell active capacitor bank, this can include operating
the switching devices of the active capacitor bank as a boost
converter to store energy 1n one or more capacitors of the
active capacitor bank. Conversely, in the case of a buck cell
active capacitor bank, this can include operating the switch-
ing devices of the active capacitor bank as a buck converter
to store energy in one or more capacitors of the active
capacitor bank. Alternatively, 1f the input voltage 1s below
the mode selection threshold, then the controller may disable
AC-DC stage 832 and cause active capacitor bank 836 to
discharge its capacitor(s) into the DC output, thereby main-
taining output voltage regulation. In the case of a boost cell
active capacitor bank, this can include operating the switch-
ing devices of the active capacitor bank as a buck converter
to discharge energy from one or more capacitors of the
active capacitor bank. Conversely, in the case of a buck cell
active capacitor bank, this can include operating the switch-
ing devices of the active capacitor bank as a boost converter
to discharge energy from one or more capacitors of the
active capacitor bank 1nto the DC output, thereby maintain-
ing output voltage regulation.

The foregoing describes exemplary embodiments of AC-
DC converters that include active capacitor banks coupled to
their output, thereby allowing a reduction 1n size or elimi-
nation of the DC bus bulk capacitor typically found in
AC-DC converters. Such systems may be used in a variety
of applications but may be particularly advantageous when
used 1n conjunction with mains adapters for personal elec-
tronic devices such as mobile computing devices (e.g.,
laptop computers, tablet computers, smart phones, and the
like) and their accessories (e.g., wireless earphones, styluses
and other put devices, etc.) as well as wireless charging
accessories (e.g., charging mats, pads, stands, etc.) Although
numerous specific features and various embodiments have
been described, it 1s to be understood that, unless otherwise
noted as being mutually exclusive, the various features and
embodiments may be combined various permutations in a
particular implementation. Thus, the various embodiments
described above are provided by way of 1llustration only and
should not be constructed to limit the scope of the disclo-
sure. Various modifications and changes can be made to the
principles and embodiments herein without departing from
the scope of the disclosure and without departing from the
scope of the claims.

The invention claimed 1s:

1. An AC-DC converter comprising;:

an AC-DC converter stage having an mput configured to
receive an AC iput voltage and an output configured
to deliver a DC output voltage;

an active capacitor bank coupled to the output of the
AC-DC converter stage; and
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a controller coupled to the AC-DC converter stage and the
active capacitor bank, wherein the controller compares
the AC input voltage to a threshold voltage and:

responsive to the AC mnput voltage being greater than the
threshold voltage, the controller enables the AC-DC
converter stage and operates the active capacitor bank
to charge from the output of the AC-DC converter
stage; and

responsive to the AC input voltage being less than the
threshold voltage, the controller disables the AC-DC
converter stage and operates the active capacitor bank
to discharge into the output of the AC-DC converter

stage.
2. The AC-DC converter of claam 1 wherein the active

capacitor bank 1s a buck cell.

3. The AC-DC converter of claim 2 wherein the buck cell
COmprises:

a high side switch and a low side switch coupled in series
between the output of the AC-DC converter stage and
ground; and

an inductor coupled between a junction of the high side
and low side switches and an energy storage capacitor.

4. The AC-DC converter of claim 3 wherein the controller
operates the active capacitor bank to charge from the output
of the AC-DC converter stage by operating the high side
switch and low side switch as a buck converter to buck the
output voltage for storage 1n the energy storage capacitor.

5. The AC-DC converter of claim 3 wherein the controller
operates the active capacitor bank to discharge into the
output of the AC-DC converter stage by operating the high
side switch and the low side switch as a boost converter to
boost the energy storage capacitor voltage for energy deliv-
ery to the output of the AC-DC converter stage.

6. The AC-DC converter of claam 1 wherein the active
capacitor bank 1s a boost cell.

7. The AC-DC converter of claim 6 wherein the boost cell
COmprises:

an mductor and a low side switch coupled in series
between the output of the AC-DC converter stage and
ground; and

a high side switch coupled between a junction of the
inductor and the low side switch and an energy storage
capacitor.

8. The AC-DC converter of claim 7 wherein the controller
operates the active capacitor bank to charge from the output
of the AC-DC converter stage by operating the high side
switch and low side switch as a boost converter to boost the
output voltage for storage 1n the energy storage capacitor.

9. The AC-DC converter of claim 7 wherein the controller
operates the active capacitor bank to discharge into the
output of the AC-DC converter stage by operating the high
side switch and the low side switch as a buck converter to
buck the energy storage capacitor voltage for energy deliv-
ery to the output of the AC-DC converter stage.

10. The AC-DC converter of claim 1 wherein the AC-DC
converter stage 1s a flyback converter.

11. The AC-DC converter of claim 10 wherein the flyback
converter 1s a primary resonant flyback converter.

12. The AC-DC converter of claim 10 wherein the flyback
converter 1s an active clamp flyback converter.

13. The AC-DC converter of claim 1 wherein the con-
troller operates the active capacitor bank to charge from the
output of the AC-DC converter stage by current mode
control of one or more switches of the active capacitor bank.

14. The AC-DC converter of claim 13 wherein the current
mode control includes a current limiting soft start.
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15. The AC-DC converter of claim 1 wherein the con-

troller operates the active capacitor bank to discharge into
the output of the AC-DC converter stage by voltage mode
control of one or more switches of the active capacitor bank.

16. A method of controlling a power converter having an

AC-DC converter stage and an active capacitor bank
coupled to an output of the AC-DC converter stage, the

method comprising:

comparing an mput voltage of the AC-DC converter to a
mode selection threshold voltage,
responsive to the AC iput voltage being greater than
the threshold voltage, enabling the AC-DC converter
stage and operating the active capacitor bank to
charge from the output of the AC-DC converter
stage; and
responsive to the AC input voltage being less than the
threshold voltage, disabling the AC-DC converter
stage and operating the active capacitor bank to
discharge into the output of the AC-DC converter
stage.
17. The method of claim 16 wherein:
operating the active capacitor bank to charge from the
output of the AC-DC converter stage comprises oper-
ating one or more switches of the active capacitor bank
as a buck converter to store energy from the output of
the AC-DC converter 1n an energy storage capacitor;
and
operating the active capacitor bank to discharge into the
output of the AC-DC converter stage comprises oper-
ating one or more switches of the active capacitor bank
as a boost converter to boost the energy storage capaci-
tor voltage for energy delivery to the output of the

AC-DC converter stage.
18. The method of claim 16 wherein:

operating the active capacitor bank to charge from the
output of the AC-DC converter stage comprises oper-
ating one or more switches of the active capacitor bank
as a boost converter to store energy from the output of
the AC-DC converter in an energy storage capacitor;
and
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operating the active capacitor bank to discharge into the
output of the AC-DC converter stage comprises oper-
ating one or more switches of the active capacitor bank
as a buck converter to buck the energy storage capacitor
voltage for energy delivery to the output of the AC-DC

converter stage.

19. The method of claim 16 wherein:

operating the active capacitor bank to charge from the
output of the AC-DC converter stage comprises current
mode control of one or more switches of the active
capacitor bank; and

operating the active capacitor bank to discharge into the
output of the AC-DC converter stage comprises voltage
mode control of one or more switches of the active
capacitor bank.

20. The method of claim 19 wherein the current mode

control includes a soft start current limat.

21. A power converter comprising:
a flyback converter configured to receive an AC 1input
voltage and deliver a DC output voltage;
an active capacitor bank coupled to the output of the
flyback converter, the active capacitor bank including
an energy storage capacitor and a plurality of switching
devices operable as a bidirectional converter to alter-
nately charge the energy storage capacitor from the DC
output voltage or discharge the energy storage capaci-
tor to maintain regulation of the DC output voltage; and
control circuitry responsive to the AC input voltage that:
enables the flyback converter and operates the plurality
of switching devices to charge the energy storage
capacitor from the DC output voltage responsive to
the AC mput voltage being greater than a threshold
voltage; and
disables the flyback converter and operates, the plural-
ity of switching devices to discharge the energy
storage capacitor to maintain regulation of the DC
output voltage responsive to the AC mput voltage
being less than the threshold voltage.
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